Abstract-A (H++K+)-ATPase-enriched membrane fraction derived from the fundic portion of hog gastric mucosa was obtained by a combination of differential and repeated 7% Ficoll gradient centrifugation.
Abstract-A (H++K+)-ATPase-enriched membrane fraction derived from the fundic portion of hog gastric mucosa was obtained by a combination of differential and repeated 7% Ficoll gradient centrifugation.
The microsomal membrane fraction isolated by repeated 7% Ficoll gradient centrifugation was free of ouabain-sensitive (Na++K+)-ATPase, 5'-nucleotidase and succinate dehydrogenase; and it was highly enriched in (H++K+)-ATPase and K+-stimulated p-nitrophenylphosphatase (p-NPPase).
The (H++K+)-ATPase had a pH optimum of 7.4 and was stimulated by TI', K+, Rb+ and NH4+ with Ka values of 0.0667, 0.526, 0.667 and 3.03 mM , respectively, at this pH. On the other hand, monovalent cations such as Na+ , Li+ and (CH3)4N+ as well as divalent cations such as Cue', Ca t+, Bat+, Sr2+ and Cd2+ inhibited this enzyme activity concentration-dependently.
Ouabain and oligomycin had no effect, whereas omeprazole, a specific (H++K+)-ATPase inhibitor, inhibited this enzyme activity in a pH-dependent manner. Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis showed a major band (>90% of protein) at 97,400 daltons, which was phosphorylated in the presence of Mg2+ and [r-32P] ATP and dephosphorylated in the presence of K+. The present method was very simple, and the (H++K+)-ATPase activity of the microsomal fraction obtained by this method was much higher compared with those obtained by other methods such as free-flow electrophoresis.
(H++K+)-ATPase is located in the apical membrane in the parietal cells of the gastric mucosa of various species and considered to be the enzyme involved in the final step of acid secretion.
Microsomal fractions of gastric fundic mucosa have been prepared from frog (1-3), dog (4), rabbit (3), man (5), rat (6) , guinea pig (7) and pig (3, (8) (9) (10) (11) (12) (13) using various techniques such as sucrose, Percoll or Ficoll density gradient centrifugation, followed by free-flow electrophoresis (9, 11) or zonal electrophoresis (13) . The (H++K+)-ATPase activity of the hog gastric microsomes pre pared by these methods is /_,mol inorganic phosphate released (Pi)/mg pro tein/hr (3, 8, 9, (11) (12) (13) . However, expensive and complex instruments such as free-flow electrophoresis or zonal electrophoresis are necessary to prepare a membrane fraction containing high (H++K+)-AlPase activity.
SDS-polyacrylamide gel electrophoresis shows that the purified microsomal fraction obtained by these methods contains a major polypeptide of approx. 100,000 daltons, which accounts for >70% of the total protein stained (8) (9) (10) (11) (12) (13) . Although many studies have been made in recent years to characterize the (H++K+)-ATPase and the mechanism of ac tion of (H++K+)-ATPase inhibitors using the enzyme prepared by these methods (14) , the precise mechanisms at the microsomal level are unknown. In addition, gastric microsomal membranes, even when purified by free-flow electrophoresis, contain polypeptides other than the 94,000-dalton catalytic subunit (15) . From reconstitution experiments on the gastric (H++K+)-ATPase (15) , it was sug gested that ATPase activity, active H+ trans port and passive cation exchange are cor related with enrichment of the 94.000-dalton polypeptide. Accordingly, it would be neces sary to purify the (H++K+)-ATPase to a homogenous and highly active form in order to clarify the precise mechanisms at the molecular level.
It is well-known that monovalent cations can substitute for K+ in the (H++K+)-ATPase activity (4, 8, 9, 12) , although the effect of divalent cations on the enzyme activity remains unknown yet. Divalent cations oxidize or bind to sulfhydryl groups and protect against ethanol-induced gastric mucosal in jury and significantly decrease gastric acid output (16, 17) . These observations strongly suggest the possibility that they inhibit the (H++ K+) -ATPase activity due to specific modifications of sulfhydryl groups of the enzyme.
Recently, we were able to prepare a mem brane fraction enriched in the (H++K+) ATPase from the hog gastric mucosa by simply repeating 7% Ficoll gradient cen trifugation. The (H++ K+)-ATPase activity of this fraction was higher than those of the purified fractions prepared by free-flow electrophoresis or zonal electrophoresis. In this study, we describe the preparation of the membrane fraction enriched in (H++K+) ATPase from the fundic portion of hog gastric mucosa by a combination of differential and repeated 7% Ficoll gradient centrifugation and characterize the enzymatic properties of this fraction. Preparation of gastric microsomes: Fresh hog stomachs were obtained from the slaugh terhouse. After washing in Mgt' and Ca2+ free Dulbecco's phosphate-buffered saline saturated with 100% 02, the surface mucus was removed by vigorously wiping with paper towels. The fundic mucosa was then removed from the underlying muscular layer, minced with scissors and suspended in a chilled solu tion of 0.25 M sucrose, 2 mM MgCl2, 1 MM EGTA and 2 mM Hepes-Tris at pH 7.4 (refer red to as the sucrose buffer). Homogenization was carried out in an Ace homogenizer (Nihonseiki Kaisha, Ltd., Tokyo, Japan) at 13,000 rev./min for three min, three times, at intervals of about five min. The homogenate was centrifuged at 9,000 x g for 15 min, and the supernatants after filtration over four layers of surgical gauze were then centrifuged at 20,000xg for 15 min. The resulting superna tants were recentrifuged at 78,000xg for 1 hr to obtain the crude microsomal sediment (FO). For Ficoll gradient centrifugation, the crude microsomes were suspended in the sucrose buffer. The resuspended microsomes (30 ml, 11 mg/ml) were layered on a single step gradient made from 40 ml of 7% (w/v) Ficoll in the sucrose buffer and centrifuged at 105,000xg for 1 hr. The light membrane (FB) appeared at the interface of 7% Ficoll, and the heavy membrane (FS) appeared in the form of a sediment. FB was collected and diluted to 10-fold with the sucrose buffer and then centrifuged at 125,000xg for 90 min. The resulting sediments were resuspended in the sucrose buffer by 10 strokes of a loose-fitting, motor-driven, Teflon pestle rotating at 1,000 rpm in a Potter-Elvehjem homogenizer and refrigerated overnight for the final purification. The resuspended microsomes (3.5 mg/ml) were furthermore layered on top of 40 ml of 7% (w/v) Ficoll in the sucrose buffer and centrifuged at 105,000 x g for 1 hr. The light membrane (FBB) at the sucrose-Ficoll inter face was collected and diluted 10-fold with the sucrose buffer. The heavy membrane (FBS), appearing in the form of a sediment, was then resuspended in the sucrose buffer. Each of these fractions was centrifuged at 1 25,000xg for 90 min, resuspended in 0.25 M sucrose and stored at -20°C or -80°C until use. All procedures were performed at 0-4'C.
Materials and Methods
Enzyme assays: (H++K+)-ATPase activity was usually measured in a medium containing approx. 15 ,ug/ml protein, 2 mM MgC12, 2 mM ATP in 50 mM Hepes-Tris with or with out 5 mM KCI at pH 7.4 unless the ATPase assay system was specified in the appropriate figures and tables. In general, the reaction was initiated by the addition of protein. It was run at 37'C for 10 min and stopped by adding 10% chilled trichloroacetic acid. After cen trifuging, inorganic phosphate released was measured by the method of Fiske-Subbarow (18) . Potassium-stimulated activity, referred to as (H++K+)-ATPase, was estimated as the difference between the activity in the presence of 2 mM MgC12 plus 5 mM KCI and basal ac tivity (Mg-ATPase) in the presence of 2 mM MgC12 alone.
Potassium-stimulated p-nitrophenylphos phatase (p-NPPase) was measured in a medium containing approx. 1 5 ,rig/ml protein, 1 mM ouabain, 5 MM MgC12, 5 MM p nitrophenylphosphate -Tris in 40 mM Hepes Tris with or without 20 mM KCI at pH 7.4. The reaction was initiated by the addition of protein, run at 37°C for five min and stopped by the addition of 0.5 N NaOH. After cen trifuging, the absorbance of the supernatant was measured at 410 nm. The p-NPPase ac tivity was estimated as the difference between the activity in the presence of 5 mM MgC!2 plus 20 mM KCI and the basal activity in the presence of 5 mM MgC12 alone.
The activity of ouabain-sensitive (Na++ K+)-ATPase and 5'-nuc!eotidase was estimat ed by the method of Takayanagi et al. (19) with slight modifications.
(Na++K+)-ATPase activity was assayed in a medium containing 50 /cg/ml protein, 3 mM MgC12, 3 mM ATP in 30 mM Hepes-Tris with or without 14 mM KCI plus 140 mM NaCI at pH 7.4. The assay medium was incubated for 10 min at 37'C. The reaction was then stop ped by the addition of 10% trichloroacetic acid. The ouabain -sensitive (Na++K+)-ATP ase activity was estimated as the activity in hibited by 1 mM ouabain. Inorganic phos phate released was measured as described above.
5'-Nucleotidase activity was measured in a medium containing 100 /cg/ml protein, 10 MM MgC12, 5 mM 5'-AMP, 10 mM potassium sodium tartrate and 50 mM Hepes-Tris at pH 7.4. The assay medium was incubated for 30 min at 37'C. The reaction was stopped by the addition of 10% trichloroacetic acid. Inor ganic phosphate released was measured as described above.
Succinate dehydrogenase activity was measured according to the method of Green et al. (20) .
Phosphorylation of the gastric membranes: Phosphorylation experiments were carried out according to Wallmark et al. (21) with slight modifications. The reaction medium contained 40 mM Hepes-Tris (pH 7.4) and 20 ag/ml protein. The reaction was started by adding 2 MM MgC12 and 5 aM [r-32P]ATP for the indicated times at 22'C and then stopped by the addition of chilled 10% HCIO4, 5 mM ATP and 40 mM Na2HPO4. The precipitated protein was collected on a 3-um Millipore filter (type SSWP) and then washed with 70 ml of 5% HC!04 containing 10 mM Na2HPO4. The Cerenkov radiation of the filter was measured in a scintillation counter.
SDS-polyacrylamide gel electrophoresis: Gel electrophoresis was carried out by the method of Laemmli (22) with slight modifica tions (23) using 10-20% polyacrylamide gel plates in the presence of 0.1% SDS.
Autoradiogram of phosphoenzyme:
The re action medium contained 2 mM MgC12, 40 mM Hepes-Tris (pH 7.4) with or without 5 mM KCI and 400 pg/ml protein. The reaction was initiated by the addition of 5 i M [r_32P] _ ATP, run at 22'C for 15 sec and stopped by the addition of 10% glycerol, 10 mM Tris-HCI (pH 6.8), 1 % SDS and 5% e9-mercaptoetha nol. Solubilization was carried out overnight at room temperature.
Samples (5.4 itg) were underlaid into a well, and electrophoresis was carried out as described above. The gel was dried and exposed to Kodak AR 'X-Omat' film at -80°C. Determination of protein: Protein was determined by the method of Lowry et al. (24) using bovine serum albumin as a standard. consistent with the enzymatic data described previously (8) (9) (10) 12) . For the subsequent experiments, FBS was chosen as the enzy matic source.
Effects of monovalent cations on (H++ K+) ATPase activity: The effects of monovalent cations on the (H++K+)-ATPase activity were investigated using FBS enriched in (H++K+) ATPase activity. Figures 3A and 3B show that the concentration of K+ and NH4+ giving the maximal activity was 5 mM and 20 mM, respectively. , t concentrations above 1 5 mM for K+ and 40 mM for NH4+, the enzyme activity was decreased in a concentration dependent manner. Table 2 shows the Ka values of various monovalent cations. The (H++K+)-ATPase was markedly stimulated by TI', K+, Rb+ and NH4+. The Ka value for Tl+, K+, Rb+ and NH4+ was 0.0667, 0.526, 0.667 and 3.03 mM, re spectively, at pH 7.4, the optimal pH for stimulation.
On the other hand, Na+, (CH3)4N+, Li+ and choline+ inhibited the (H++K+)-ATPase ac tivity concentration-dependently (Table 3) . IC50 values for Na+, (CH3)4N+, Li+ and choline+ were 14.5. 15.5, 48.0 and 120 mM, respectively. Furthermore, Na+ slightly stimu lated Mg-ATPase at concentrations over 2 mM. At the concentration range of 10-50 mM Na+, Mg-ATPase was steadly activated, and this enzyme activity was about twice those found in the absence of Na+ (data not shown). (CH3)4N+, Li+ and choline+ had no activating effect on the Mg-ATPase. Effects of divalent cations on (H++K+) ATPase: Except Mgt+, as shown in Table 3 the divalent cations all inhibited the (H++K+) ATPase activity in a concentration-dependent manner. The inhibiting sequence was Cue+> Cat+> Ba2+> Sr2+> Cd2+>>Zn2+ > Mn2+> Ni2+ > Co2+. Especially, Cu2+ and Ca2+ strongly inhibited the enzyme activity. In ad dition, no stimulating effects on the Mg-ATP ase activity were observed by these divalent cations. Only Mg2+ among the other divalent cations activated the (H++K+)-ATPase, and the Mg2+ concentration required for optimal activity was 2 mM in the presence of 2 mM ATP (Fig. 3C) .
pH-dependency: Figure 4A shows the pH dependence of the (H++K+)-ATPase ac tivity, indicating a pH optimum of 7.4.
Effects of various nucleotides on (H++K+) ATPase: The effect of ATP on the (H++ K+) ATPase is shown in Fig. 4B . The (H++K+) ATPase activity had a broad maximum around 2 mM ATP in the presence of 2 mM MgC12. As shown in Table 4 , ATP was the most active substrate for the (H++K+)-ATPase. Some nucleotides can also serve as substrates, albeit being far less effective. The relative activity of K+-stimulated hydrolysis of nucleotides occurred in the following order: ATP, 100; 2'-deoxy-ATP, 37.0; CTP, 13.2; ADP, 7.5; GTP, 0; ITP, 0; UTP, 0; 3,r methylene ATP, 0; AMP-PNP, 0; where the activity with ATP is given the value 100.
Effect of inhibitors on (H++K+)-ATPase: Table 5 shows the effect of various drugs on the (H++K+)-ATPase activity. Oligomycin, NEM and ouabain at concentrations of 10 /,,g/ml, 0.3 mM and 10 mM, respectively, had no effect on the enzyme activity. However, pCMBS and DCCD strongly inhibited the (H++K+)-ATPase activity with IC50 values of 1.1 and 40.1 ,uM, respectively. Omeprazole, a substituted benzimidazole, is a specific in hibitor of gastric (H++K+)-ATPase (25) Omeprazo!e, when incubated with the mem brane is a BIS-tris-acetate buffer, pH 5.5, for 30 min, concentration-dependently inhibited the (H++K+)-ATPase activity with an IC50 value of 1.1 ,uM. As the pH of the buffer was raised to 7.4, the IC50 value increased to 8.0 IiM (Fig. 5) . From these results, it was shown that an acidic pH facilitated the inhibitory of omeprazole in a final volume of 1 ml. After a 30-min preincubation at 37'C, the enzyme activity was determined for 10 min at 37°C. following by the addition of 1 ml incubation medium containing 75 mM BIS-tris-acetate (pH 7.4), 4 mM MgC12, and 4 mM ATP, with or without 10 MM KCI. The reactions were stopped by 1 ml of chilled 15% trichloroacetic acid. Inorganic phosphate released was measured by the method of Fiske Subbarow (18). Previous studies on the hog gastric (H++ K+)-ATPase have suggested the optimal enzyme activity occurred around pH 7.0-7.5 (8, 12, 26) . The pH optimum for the (H++K+) ATPase prepared by our method was 7.4, well-consistent with the above values. The (H++K+)-ATPase was activated by monovalent cations in the following order of effectiveness:
Tl >K+>Rb+>NH4+. This ac tivating sequence is in agreement with the findings of Sachs et al. (9) and Schrijen et al. (12) . Nevertheless, the observed Ka values for Tl+, K+, Rb+ and N H4+ were lower than the previously reported values (12) . Especially, the (H++K+)-ATPase activity had the highest activity at relatively low concentrations of K+ (5-10 mM), and it was inhibited as concen trations of K+ were elevated over 1 5 mM. The inhibition of ATPase by increased K+ was not due to an osmotic effect, because choline+ could not inhibit the (H++K+)-ATPase at the concentrations of 50 mM. The present results may confirm the suggestion described by Lee et al. (26) that the (H++K+)-ATPase activity is changed by pH and the concentrations of K+.
On the other hand, other monovalent cations such as Na+, (CH3)4N+, Li+ and choline+ inhibited the (H++K+)-ATPase rather than being just unable to stimulate the enzyme as described by Schrijen et al. (12) . Moreover, while Na+ inhibited the (H++K+) ATPase concentration-dependently, it slightly stimulated the Mg-ATPase at concentrations over 2 mM, and this activating effect was constant in the range of 2-50 mM of Na+. A recent study (27) demonstrating that Na+ ions have no effect on the (FH++K+)-ATPase activity at a neutral pH but stimulates it significantly at an alkaline pH disagreed with the present results. This discrepancy may be due to the experimental conditions; that is, in their studies, the reaction was measured in the presence of 100 mM KCI instead of 5 mM KCI like in the present studies.
Because many divalent cations inhibit the membrane-bound and sulfhydryl-containing (Na++K+)-ATPase (28, 29) by oxidizing or binding to sulfhydryl groups, their effect on the (H++K+)-ATPase activity was studied. Divalent cations except Mg2+ exhibited the inhibitory effect on the ATPase activity, whereas the presence of Mg2+ was essential for the enzymatic activity similar to the re quirement of other ATPases (28) . Ca2+ at low concentrations markedly inhibited the (H++ K+)-ATPase activity, like it inhibits the (H++ K+)-ATPase prepared from guinea pig gastric mucosa (7) . On the contrary, Ca2+ up to 20 ,uM shows a small but steady stimulation of the hog gastric (H++K+)-ATPase activity (30) . The reasons for this discrepancy remain unknown. Cadmium chloride and zinc chloride dose dependently decreased gastric acid output with no change of pepsin output (17) . These seems to be a close correlation between the decreased gastric acid output and the in hibitory effect of the ATPase activity by these divalent cations. Namely, the inhibition of the enzyme activity by these divalent cations may be in part responsible for the reduction of gastric acid output.
ATP was the most active substrate for the (H++K+)-ATPase. The enzyme showed the same relative order of substrate selectivity for the various nucleotides as described pre viously (9, 12) . No hydrolysis of other nucleotides such as GTP, ITP, UTP, AMP PN P and 8,r-methylene ATP was observed.
The (H++K+)-ATPase was not inhibited by ouabain and oligomycin even at concen trations that inhibited (Na++K+)-ATPase (31) and mitochondrial ATPase (32), respectively. It was inhibited by DCCD, pCMBS and omeprazole. Omeprazole, a substituted ben zimidazole, inhibits the (H++K+)-ATPase in a pH-dependent manner; acidic conditions enhance the inhibitory effect of omeprazole, which is accompanied by a concentration dependent reduction of free sulfhydryl groups in the gastric membranes (33) . Lowering the pH of the incubation medium from 7.4 to 5.5 ameliorated the potency of omeprazole to inhibit the (H++K+)-ATPase by approx. 7 fold, showing results similar to those of other studies (25, 33) .
At this stage of purification, the major polypeptide of FBS seemed characteristic of all species studied such as the dog (4), frog (1-3), hog (8-13) and rat (6) in that it migrates at approx. 100,000 daltons on an SDS-polyacrylamide gel. This polypeptide was reported to be phosphorylated by [r-32P] ATP and dephosphorylated in the presence K+ (4, 9, 34) , suggesting that a phosphory lated intermediate appears to be closely as sociated with the (H++K+)-ATPase activity. FBS also showed a similar phosphoprotein, representing over 90% of the protein content of the preparation, which was dephosphoryla ted in the presence of K+. Furthermore, the measured steady-state phosphoenzyme stoichiometry of 1160 pmol/mg protein using FBS was similar to those found for materials obtainable from free-flow electrophoresis of GII membranes (34) .
In conclusion, the microsomal fraction ob tained by this repeated Ficoll gradient cen trifugation had very high (H++K+)-ATPase activity and contained more than 90% of the 97,400-dalton polypeptide, and this method was simpler than those by free-flow electro phoresis or zonal electrophoresis. Moreover, the characteristics of (H++K+)-ATPase pre pared by this method were almost the same as those prepared by other methods. Accord ingly, the present procedure for the purifica tion of the (H++K+)-ATPase could be valu able in studies on the partial reaction and trans port function of the (H++K+)-ATPase and the analysis of the drug-enzyme interactions.
